The objective of this study was to examine DNA sequence polymorphisms in the 16S-23S rRNA gene intergenic spacer (ITS) regions of five emerging pathogenic Nocardia species: Nocardia beijingensis, Nocardia blacklockiae, Nocardia thailandica, Nocardia elegans and Nocardia vinacea. A set of six isolates belonging to the species of interest and 135 isolates belonging to other Nocardia species was studied. A PCR-based reverse line blot (RLB) hybridization assay incorporating species-or intraspecies ITS rRNA gene operon-specific probes was then developed for species identification. Substantial intraspecies sequence variation among different ITS operons was identified. Four sequence types of N. thailandica, eight sequence types of N. beijingensis (four types for each of two strains) and five sequence types of N. blacklockiae, N. elegans and N. vinacea were found. The results represent the first evidence of ITS sequence heterogeneity in emerging species of Nocardia. By incorporating species/operon-specific probes into a RLB assay, unique RLB patterns were identified for each of the species and every sequence type. The PCR/RLB assay demonstrated high specificity and showed promise in both the identification and genotyping of Nocardia species. More detailed studies of the polymorphism within the ITS locus may further advance our capacity to reliably identify and subtype medically important Nocardia species.
INTRODUCTION
Nocardia species cause infections ranging from localized skin and lung infection to disseminated disease (Saubolle & Sussland, 2003) . About 90 species have now been described of which about half have been implicated in human disease (http://www.bacterio.cict.fr/n/nocardia.html). Speciation of clinical isolates is essential for determining associated disease manifestations and to predict antimicrobial susceptibility. species due to insufficient interspecies polymorphisms (Brown-Elliott et al., 2006; Kong et al., 2009; Roth et al., 2003) ; misidentifications may also occur due to multiple, but different, 16S rRNA gene copies (Conville & Witebsky, 2007) . Polymorphisms within alternative targets including the genes encoding Nocardia 65 kDa heat-shock protein (hsp65), essential secretory protein A (secA1) and gyrase B (gyrB) have been reported to improve species identification Rodriguez-Nava et al., 2006; Takeda et al., 2010) . A further candidate target is the 16S-23S rRNA gene intergenic spacer (ITS) region, which contains variable signatures for accurate interspecies discrimination that have been exploited for identification of a number of bacteria (Park et al., 2005; Xiong et al., 2006; Su et al., 2009) . However, their utility in providing species identification of Nocardia is not well defined.
Examination of ITS sequence entries in the GenBank database revealed Nocardia sequences for approximately a dozen of the more common species (e.g. Nocardia cyriacigeorgica, Nocardia farcinica, Nocardia nova; http:// www.ncbi.nlm.nih.gov). However, few data are available for uncommon but emerging species: specifically, we were unable, at the time of study, to locate sequences for Nocardia beijingensis, Nocardia blacklockiae, Nocardia elegans, Nocardia thailandica and Nocardia vinacea, five species recently recognized as causes of pulmonary, subcutaneous and bloodstream infection (Kageyama et al., 2004a (Kageyama et al., , b, 2005 Conville et al., 2008; Yassin & Brenner, 2005; Luong et al., 2009 ). Alignment of current GenBank sequences indicates multiple (~three to five) different ITS copies (operons) to be present in a single isolate. Thus a direct sequencing approach may not allow discrimination between species (Gurtler & Stanisich, 1996) .
We previously developed a method to identify bacteria using PCR followed by hybridization with species-specific oligonucleotide probes in a reverse line blot (RLB) assay (Wang et al., 2008; Xiong et al., 2006) . During the evaluation of such an RLB assay employing 16S rRNA gene-targeted probes to identify the more common Nocardia species, we noted that ITS sequence polymorphisms were more discriminatory for the identification of two species, N. farcinica and Nocardia paucivorans (Xiao et al., 2010) . Because 16S-23S rRNA gene ITS sequences were not publicly available for N. beijingensis, N. blacklockiae, N. elegans, N. thailandica and N. vinacea, in the present study, we sought to (i) describe sequence polymorphisms in the ITS locus for these species through cloning and sequencing of the ITS regions, and (ii) develop an ITStargeted RLB assay based on gene polymorphisms identified in (i) for the identification of these five species.
METHODS
Nocardia organisms and DNA extraction. A total of 141 clinical Nocardia isolates were obtained from the culture collection at the Clinical Mycology Laboratory, Centre for Infectious Diseases and Microbiology, Westmead Hospital, Sydney. These comprised six isolates belonging to the five species of interest (two N. beijingensis isolates and one strain each of N. blacklockiae, N. elegans, N. thailandica and N. vinacea; Table 1 ) and 135 isolates of other Nocardia species (ie. non-target species strains; see Supplementary Table S1 in JMM Online for details). All strains were examined by the RLB assay. In all cases, isolates were identified using standard phenotypic-based methods (McNeil & Brown, 1994) and species identification was confirmed by partial (59-end 606 bp fragment) 16S rRNA gene sequencing based on comparison of sequences with those of the 'reference' or type strains of their respective species in the GenBank database as previously described (Kong et al., 2009; Xiao et al., 2010) . The isolates were cultured from separate patients with no epidemiological links.
Organisms were cultured in brain heart infusion broth (Amyl Media) for 3-10 days at 37 uC in air prior to DNA extraction (McNeil & Brown, 1994) . DNA extraction was carried out as previously reported (Kong et al., 2009 ).
Cloning of the ITS region. Cloning of the ITS locus of the six study isolates was performed as described below to minimize the impact of ITS sequence heterogeneity due to multiple ITS copies or operons within the one isolate.
PCR of the ITS region. The primer pair 16Sf and 23Sr (Table 2 ) was used to amplify the Nocardia ITS region. Primers were designed 'in house' and synthesized at Beijing AuGCT Biotechnology. PCR amplification was carried out as described previously (Xiao et al., 2010) . The expected PCR product was 614-651 bp in size (~216 bp of the 39-end of the 16S rRNA gene,~328-365 bp of the ITS region and 70 bp of the 59-end of the 23S rRNA gene).
Cloning and sequencing of the ITS region. For each isolate, the amplified ITS region PCR product was directly cloned using the pGEM-T Easy Vector System II (Promega) according to the manufacturer's instructions. Sixteen to twenty-five clones for each strain were selected in order to optimize the likelihood of 'capturing' most, if not all, copies of the ITS region; these were then subjected to further PCR to verify the presence of the insertion (with 614-651 bp insertion) using the primers PGEMT-A and PGEMT-B (Table 2 ). Eight to fifteen clones for each isolate were directly sent for sequencing; the other clones were screened with the RLB assay (see below) first and only some clones with novel RLB patterns were selected to be sequenced. Cloned PCR products containing the insertion were then purified using the PCR Product Pre-Sequencing kit (USB) and sequenced using the primers PGEMT-A or PGEMT-B with the BigDye Terminator (version 3.1) Cycle Sequencing kit (ABI Prism 373 genetic analyser; Applied Biosystems). After examination of sequence traces of each of the clones, sequences were analysed using the BioManager facility (http://biomanager.info/). Consensus sequences were generated from alignments of sequence data using CLUSTAL W (Thompson et al., 1994) to reconcile ambiguous or conflicting base assignments.
Probe design. ITS sequences obtained as above for the cloned fragments of each of the five species were aligned to determine signature species-specific nucleotide polymorphisms. For each species, more than one assumed species-specific probe was designed targeting different ITS operons: four probes each were for N. beijingensis, N. elegans and N. thailandica, and three probes each for N. blacklockiae and N. vinacea (Table 2) . Additionally, two previously used actinomycete-specific probes, ACTMY-ITS-a and ACTMY-ITSb (Xiao et al., 2010) , were utilized (Table 2) to 'capture' and flag all isolates and cloned ITS PCR products as representing possible 'Nocardia' species. We were unable to devise probes that were specific only for the genus Nocardia.
Altogether, 20 probes were designed. All probes had similar physical characteristics as determined using the Sigma DNA Calculator (http:// Identification of emerging Nocardia species www.sigma-genosys.com/calc/dnacalc.asp) (Kong et al., 2006) . Probes were 59-hexylamine-labelled and synthesized by Beijing AuGCT Biotechnology.
PCR/RLB assay. The PCR/RLB assay was evaluated using DNA from cloning experiments as well as from the six isolates (Table 1) . PCR for RLB was performed as for the procedure for cloning experiments (see above), with the non-labelled sense primer 16Sf and the 59 biotin-labelled antisense primer 23Srb (Table 2) . Details for PCR amplification have been described previously (Xiao et al., 2010) .
The RLB hybridization assay was performed as reported previously (Kong et al., 2006; Zeng et al. 2007) . RLB results were regarded as positive when a hybridization dot signal was clearly visible.
Definition of ITS sequence types (cloned sequences) and RLB pattern types. For every isolate, each cloned ITS sequence (or operon) which demonstrated nucleotide polymorphisms was considered to be a different type for that isolate and assigned as a different 'sequence type' regardless of the magnitude of sequence heterogeneity (Table 1 ; Supplementary Fig. S1 ). For RLB results, 'RLB pattern types' were assigned according to the probe hybridization pattern for a given ITS clone or isolate; dissimilar hybridization patterns were considered as different 'RLB pattern types' (see Table 3 and Fig. 1 ).
RESULTS AND DISCUSSION
Molecular-based identification of Nocardia species remains a challenge due to the increasing recognition of novel species and taxonomic changes (Brown-Elliott et al., 2006) . Given that gene polymorphisms within the conserved 16S rRNA gene locus in Nocardia (as for other bacteria) may be Table 3 for RLB pattern definition. DThe sequence type clone of N-bla seq V failed to hybridize with any of the N. blacklockiae-specific probes but weakly cross-hybridized with the 'Nvin-ITS-c' probe. dThe sequence type clone of N-tha seq IV failed to hybridize with all N. thailandica-specific probes.
insufficient to resolve species identity Kong et al., 2009) , it is logical to examine the utility of the more variable (bacterial) ITS region for species identification (Boyer et al., 2001; Gurtler & Stanisich, 1996; Xiao et al., 2010) . In this study, we provide accurate sequence data as well as document ITS sequence heterogeneity for five emerging pathogenic Nocardia species. Based on these sequence polymorphisms, we evaluated the ability of an ITS-directed RLB assay to identify the five species. Features of the RLB assay include the high overall sensitivity (~94 %) and specificity for identification of the target species and its potential as a tool for subtyping of Nocardia.
Sequencing of cloned ITS PCR products and sequence types
The primers 16Sf and 23Sr (Table 2 ) amplified the ITS region of all five species (six isolates) targeted by the RLB Supplementary Fig. S1 . However, after RLB analysis, a further sequence type for each of N. blacklockiae and N. thailandica was identified (see below); thus a total of five and four ITS types were evident for these species, respectively (Table 1 ).
The finding of more than one ITS type or operon within a single Nocardia isolate for each of the study species is similar to that observed for the 16S rRNA operons, particularly in isolates of N. nova (Conville & Witebsky, 2005 , 2007 . Multiple copy numbers of operons containing the genes encoding all of the 16S rRNA gene, 23S rRNA gene and the ITS regions have also been described for other bacteria including Escherichia coli (seven operons) and Clostridium difficile (11 operons) (Hashimoto et al., 2003; Sadeghifard et al., 2006) . Such ITS sequence heterogeneity may compromise direct ITS sequence-based identification of most, if not all, Nocardia species. Therefore, alternative methods exploiting polymorphisms within this locus warrant further study.
Probe development
Alignment of ITS sequences obtained from sequencing of cloned PCR products revealed three short blocks of sequence dissimilarity -nucleotide positions 231-304 bp, 328-385 bp and 409-530 bp -between species (see Supplementary Fig.  S1 ), which were variably present according to the clone or sequence type. Additional species-specific single nucleotide polymorphisms were also present. All these sites of nucleotide variation were used as the basis for probe design to differentiate between and within species ( Table 2 ; Supplementary Fig. S1 ). Since there were a number of sequence types for each of the species (Table 1) , multiple (three to four) sequence type-or operon-specific probes (all also designed to be assumed species-specific) were devised for each species. These probes were then tested for their ability to identify the target species individually and in combination with other probes. 
*One sequence type of N. blacklockiae (N-bla seq V in Table 1 ) failed to hybridize with any of the N. blacklockiae-specific probes but crosshybridized with the Nvin-ITS-c probe. DCross-hybridization signal not shown in the table (see Fig. 1 for details).
Identification of cloned PCR products and
Nocardia isolates by the RLB assay and RLBassisted identification of new sequence types
The two actinomycete-specific probes ACTMY-ITS-a and ACTMY-ITS-b hybridized with cloned PCR products containing the expected~614-651 bp insertion and with DNA from the six isolates. These products were thus flagged as representing possible 'Nocardia species'.
By use of multiple species/operon-specific probes designed for the study (Table 2) , the majority (102 of 108 or 94.4 %) of clones from all six isolates were correctly identified by the RLB assay (Table 1) . However, four of 25 cloned products of N. blacklockiae (strain 96-247-0894) produced no RLB signal with all Nbla-ITS-probes. Instead, they only weakly cross-hybridized with the Nvin-ITS-c probe (Fig. 1 , lanes 1-3 and 9 and see 'Specificity of the RLB assay'). Examination of the entire ITS locus revealed that they contained novel sequence regions, representing an additional and further sequence type for N. blacklockiae (N-bla seq V, GenBank accession no. GQ853495; Table 1 ), and thus were not able to hybridize with the N. blacklockiaespecific probes as intended. Two of 22 clones of N. thailandica produced no RLB signal with the N. thailandica probes (data not shown); their sequences also represented a new sequence type (N-tha seq IV, GenBank accession no. GQ853478; Table 1 ). All six isolates (Table 1) also underwent RLB analysis and were correctly identified by the assay (see below for RLB pattern types).
The finding of additional ITS sequence types of bacteria using a probe-based approach is consistent with the report by Sadeghifard et al. (2006) of the mosaic nature of C. difficile ITS operons and their hypothesis that further characterization of ITS sequence by oligonucleotide arrays is likely to uncover new sequence types. Our 'macro-array' RLB assay was similarly able to identify six new ITS types, demonstrating the potential of probe-based formats for screening for novel ITS (or indeed other gene loci) sequence types.
RLB pattern types
A number of unique RLB pattern types, as determined from the pattern of hybridization with specific probes, were Tables 1 and 3 , Fig. 1) , with the exception of six clones described above that contained new ITS sequence types. For a single isolate, overall there were fewer RLB pattern types compared with sequence types, except for the N. thailandica strain, where each ITS sequence type also exhibited a different RLB type (Table 1) .
Direct RLB analysis of the isolates yielded RLB patterns which were, in general, a composite of the patterns of their sequence types. The isolates hybridized with all of their respective species-specific probes, with the exception of N. beijingensis strain 03-294-3352, which hybridized only with Nbei-ITS-a and Nbei-ITS-b. We were limited by our access to only single strains of the target species (two strains for N. beijingensis); analysis of a larger number of isolates is required to determine the wider application of the RLB assay in the identification of these species.
Specificity of the RLB assay
The specificity of the RLB assay was tested against isolates of the five species of interest (target species; Table 3 ) as well as a panel of 135 non-target Nocardia isolates (14 species) (see Supplementary Table S1 ). All N. beijingensis-ITS, N. blacklockiae-ITS and N. elegans-ITS probes were highly specific where the five target species were evaluated. However, cross-hybridization was observed between (i) the Nvin-ITS-c probe and four N. blacklockiae clones and (ii) the Ntha-ITS-a probe and N. elegans DNA (11 clones) (Fig. 1) . When tested on non-target Nocardia species, RLB analysis found that three of the N. elegans-specific probes hybridized with some strains of N. nova and Nocardia veterana and the Nbei-ITS-d probe cross-hybridized with certain strains of Nocardia asteroides and N. cyriacigeorgica (Table 2 ; data for individual strains not shown). It is possible that these species may share similar ITS operon sequences, at least in the region used for probe design.
Another key finding of the present study was that the two N. beijingensis strains exhibited different ITS-targeted RLB patterns. This supports our recent observation of hybridization of different, unique N. farcinica strains with different ITS-based RLB probes (Xiao et al., 2010) and suggests the potential of the RLB format as a tool for molecular subtyping of Nocardia species. Further study of large numbers of strains representing a wider range of species is required to improve the design of species/ operon-specific probes with sufficient discriminatory capability (Sadeghifard et al., 2006; Park et al., 2005) .
Because of the diverse range of nocardial pathogens, DNA sequencing has become the preferred method for definitive species determination. We confirm its accuracy of 16S rRNA gene sequencing (Kong et al., 2009) in this capacity to identify five emerging Nocardia species. However, this approach is expensive (AUD15/USD14 per isolate) and limited by the quality of sequence databases (Kong et al., 2009; Woo et al., 2009) . Moreover, the presence of multiple ITS operons, as shown in this study, has the potential to lead to misidentifications, at least for the five species analysed. Probe-based hybridization technologies have been successful in differentiating Mycobacteria species (Park et al., 2005; Xiong et al., 2006) but their utility for Nocardia identification is not well-established (Alfaresi & Elkosh, 2006) . The RLB assay allowed simultaneous analysis of multiple isolates against multiple probes, demonstrated comparable sensitivity to ITS sequencing and may be a useful adjunct to sequencing for species identification of the five target species. Although only 20 probes were utilized in the present study, up to 43 can be incorporated, extending the range of species or sequence types that can be identified.
In conclusion, the present study has for the first time provided, through cloning experiments, accurate ITS sequence data for the emerging species N. beijingensis, N. blacklockiae, N. elegans, N. thailandica and N. vinacea. Multiple ITS sequence types or operons were evident within a single isolate for each species. The incorporation of species/operon-specific probes into a RLB assay enabled the identification of unique RLB patterns for each of the species. The PCR/RLB assay showed promise both in the identification and genotyping of these five Nocardia species. More detailed studies of the polymorphism within the ITS locus of other Nocardia species may further advance our capacity to reliably identify and subtype medically important Nocardia species.
